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The transcription factors Abrupt (Ab) and Knot (Kn)
act as selectors of distinct dendritic arbor morphol-
ogies in two classes of Drosophila sensory neurons,
termed class I and class IV, respectively. We per-
formed binding-site mapping and transcriptional
profiling of these isolated neurons. Their profiles
were similarly enriched in cell-type-specific en-
hancers of genes implicated in neural development.
We identified a total of 429 target genes, of which
56 were common to Ab and Kn; these targets
included genes necessary to shape dendritic arbors
in either or both of the two sensory subtypes.
Furthermore, a common target gene, encoding
the cell adhesion molecule Ten-m, was expressed
more strongly in class I than class IV, and this differ-
ential was critical to the class-selective directional
control of dendritic branch sprouting or extension.
Our analyses illustrate how differentiating neurons
employ distinct and shared repertoires of gene
expression to produce class-selective morpholog-
ical traits.
INTRODUCTION
In early neural development, cell diversification occurs on a large
scale, with extraordinary precision, to generate an enormous
number of neuronal subtypes. The specified neuronal types
can be distinguished from one another on the basis of a number
of criteria of terminal differentiation, ranging from anatomies to
electrophysiological properties (Sugino et al., 2006). The cell-
intrinsic mechanism yielding these variations operates mostly
through transcriptional networks (Bertrand et al., 2002; Hobert
et al., 2010; Southall and Brand, 2009) and several key tran-
scriptional factors (TFs) operant in postmitotic cells have been
identified (Dalla Torre di Sanguinetto et al., 2008; Fishell and
Hanashima, 2008; Vrieseling and Arber, 2006). However, there530 Developmental Cell 27, 530–544, December 9, 2013 ª2013 Elsevhave been few systematic searches for binding profiles of these
TFs in the genome or inventories of their target genes. Conse-
quently, when we focused on TFs that direct distinct traits of
multiple subtypes within the same category of neurons, little
was known about how divergent the corresponding binding
sites and target genes would be.
One of the signature neuronal hallmarks exploited for this
study is the diverse morphology of the dendritic arbor, which
supports differential processing of synaptic or sensory inputs,
thereby realizing functional variations (Ha¨usser and Mel, 2003;
Jan and Jan, 2003; London and Ha¨usser, 2005). The underlying
transcriptional programs can be revealed with appropriate
model systems, such as the stereotyped organization of identi-
fied dendritic arborization (da) neurons in Drosophila, which
have contributed much to the physiological functions of noci-
ception and proprioception (Corty et al., 2009; Grueber et al.,
2002; Im and Galko, 2012; Jan and Jan, 2010; Landgraf
and Evers, 2005). At the mature larval stage, da neurons
in the abdominal hemisegment are classified into four cate-
gories, classes I–IV, in order of increasing territory size and/or
branching complexity (Grueber et al., 2002) (Figures 1A–1D).
Class I neurons are characterized by formation of simple
comb-like small dendritic arbors (Figure 1A), whereas class IV
neurons develop far more complicated and expansive ones
(Figure 1B).
A group of TFs play pivotal roles in this class specification in
postmitotic cells. The founding member is a homeodomain pro-
tein, Cut (Ct), which is differentially expressed among the three
classes II–IV and controls class-specific arbor shapes (Grueber
et al., 2003). In addition to this multilevel selector, a BTB-zinc
finger protein Abrupt (Ab) and a member of the early B cell fac-
tor/olfactory 1 family, Knot (Kn; also designated as Collier), are
selectively expressed in class I and class IV, respectively, and
each endows the class-I- or class-IV-specific dendritic pattern
(Crozatier and Vincent, 2008; Hattori et al., 2007; Jinushi-Nakao
et al., 2007; Li et al., 2004; Sugimura et al., 2004) (Figures 1C
and 1D). Several target genes of these TFs are known or sug-
gested by candidate approaches (Crozatier and Vincent,
2008; Hattori et al., 2007; Jinushi-Nakao et al., 2007); however,
genome-wide views have hitherto not been presented. Here, we
focused on transcriptional programs that are directed by theier Inc.
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Transcriptional Programs Shaping Dendritic Arborsclass I selector Ab and the class IV selector Kn. We searched for
target genes of Ab and/or Kn on a whole-genome scale to better
understand how each TF regulates class-selective differentia-
tion and highlighted a subset of the target genes that are
required for shaping the dendritic arbors of both or either of
class I or class IV; we then focused on a particular target
gene and how it contributes to producing the class-selective
morphological traits.
RESULTS
In Vivo Binding Sites and Expression Profiling Identified
429 Ab and/or Kn Target Genes, of which 56 Were
Common
To identify target genes regulated by Abrupt (Ab) and Knot (Kn),
we started profiling in vivo binding sites (BSs) by the DamID
method (Choksi et al., 2006; van Steensel et al., 2001; van Steen-
sel and Henikoff, 2000). On the basis of our objective standards,
we defined BSs of each TF, as well as Ab- or Kn-‘‘bound’’ genes
(Figure 2A; Figure S2 available online; Table S1). A total of 48%
of the bound genes of one TF were overlapped by the other
(Figure 2B). The common bound genes are designated as the
Ab/Kn-bound genes hereafter.
The above BS data did not yield information about whether or
not they are target genes in da neurons, because Ab and Kn are
also expressed in cell types other than da neurons (Dubois
et al., 2007; Hu et al., 1995). To complement our DamID anal-
ysis, we isolated da neurons from larvae and obtained
genome-wide expression profiles under the conditions where
ectopic expression of ab or kn in all classes of da neurons
severely affected morphologies of dendritic arbors (Figures
1E–1G0), presumably due to altered levels of transcription of
target genes of each TF. For simplicity, we designated this
expression style as misexpression (ME) throughout this study.
We identified 1,508 genes that were up- or downregulated by
ab ME and 451 by kn ME (Figures 2C and 2D). These genes
were designated as ab- or kn-‘‘dependent’’ genes (Figure 2F
and 2G; Tables S1D and S1E).
Cross-referencing the ab ME data set with the set of the
Ab-bound genes showed that 196 upregulated and 190 down-
regulated genes were identified as Ab-bound genes. Thus, we
designated these 386 genes as Ab ‘‘target’’ genes, or simply
‘‘targets’’ hereinafter (Figures 2C and 2E; Table S1F), and strictly
distinguished them from the bound genes that were defined on
the basis of the DamID data alone. Likewise, 99 kn-dependent
genes (59 up and 40 down) were designated as Kn target genes
(Figures 2D and 2E; Table S1G). We confirmed the increase or
the decrease in the expression levels of a subset of target genes
by immunohistochemistry and/or quantitative PCR (Table S2;
see also Figure S1). For example, the expression of lola, one of
the upregulated targets of Ab and Kn, is increased in ab ME or
kn ME larvae and decreased in ab or kn mutant embryos (Fig-
ure S1). The fact that the number of Ab targets identified is four
times more than that of Kn targets might reflect the longer dura-
tion of Ab expression (from embryos till mature larvae) than that
of Kn expression, which is no longer detected in the larvae
(Shimono et al., 2009) (Figure 1D). The total number of Ab and/
or Kn targets was 429, of which 330 (85%) were specific to Ab
(Figure 2E). The number of upregulated or downregulated genesDevelopmsuggests that Ab and Kn act as both transcriptional activators
and repressors.
One naive expectation had been that at least a subset of the 56
common target genes would be regulated by Ab and Kn in oppo-
site ways. Unexpectedly, however, there were no such targets;
each of the 56 common target genes was either upregulated
by both Ab and Kn or downregulated by both Ab and Kn. We
thought it possible that some common targets are regulated by
the two TFs in quantitatively differential fashions, and such can-
didates are lined up in ourmicroarray analysis under the abMEor
knME conditions (Table S1H). In fact, we confirmed such differ-
ential control of gene expression when we examined individual
target genes, such as lola and Ten-m (discussed later). Out of
the complete lists of the ab- or kn-dependent and the bound
genes (Table S1C), those implicated in neuronal differentiation
or neuronal functions and microRNA genes are selected and
enumerated in Table S3.
The BSs of Ab and/or Kn Target GenesWere Enriched in
Genomic Regions that Are Classified into Tissue-
Specific Enhancers and Polycomb Chromatin
To compare BSs of Ab and/or Kn with those of other TFs, we
clustered BSs for a total of 35 TFs and found a strong correlation
between the AbBSs andKnBSs (Figure 3A). This result strength-
ened the possibility that the Ab/Kn-bound genes are transcrip-
tionally regulated in (a) similar developmental context(s). This
possibility appears to be consistent with our survey of Gene
Ontology (GO) annotations of the Ab-bound genes and the
Kn-bound ones, which showed a highly significant overrepre-
sentation of the terms such as ‘‘neuron differentiation’’ in both
gene groups (Figures 3B and 3C). Our clustering also showed
that both the Ab BSs and the Kn BSs were highly correlated
with the BSs of a transcriptional corepressor Gro that is shown
to control class I dendrite morphogenesis (Parrish et al., 2006)
(Figure 3A).
We then inspected the BSs of Ab or Kn by taking advantage
of integrative data sets of histone modifications and chromatin
components (Figure S3A). Chromatin features of the Drosophila
genome have been classified into five ‘‘chromatin types’’
defined by DamID analysis (Filion et al., 2010). We confirmed
that the combinatorial patterns of enrichments or paucities of
the markers (such as those shown in Figure S3A) are basically
conserved among the cell lines, embryos that we used for
DamID, and third-instar larvae from which we isolated da
neurons for the expression profiling (Figures S3B and S3C,
see legend), although it would be ideal to obtain neuronal
class-specific data sets and respective chromatin landscapes
for each class of da neurons. For both Ab and Kn, the most
prominent selectivity was manifested by the large fractions
of the target BSs, especially the BSs of upregulated targets,
in the RED chromatin type that is transcriptionally active in
a tissue-specific fashion (Filion et al., 2010) (Figure 3D and
3E). Another less conspicuous but significant enrichment
was seen in genomic regions that are marked by Polycomb
group (PcG) proteins or ‘‘Polycomb chromatin’’ (BLUE). It
should be noted that BLUE chromatin may not invariably
mean transcriptionally silenced regions; one proposal is that
a subregion of Polycomb chromatin is in a ‘‘balanced state,’’
where Polycomb group proteins and active markers coexistental Cell 27, 530–544, December 9, 2013 ª2013 Elsevier Inc. 531
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Figure 1. Class I and Class IV da Neurons
(A and B) Dendritic morphologies of class I neuron ddaE (A) and class IV neuron ddaC (B). In this and all subsequent figures, anterior is left and dorsal is up, and
images of the dorsal cluster at wandering third-instar stage are shown unless described otherwise.
(C) Dendrite morphologies of class I–IV da neurons and selective expression of transcription factors (TFs) in each class.
(D) Timeline of development of class I and class IV da neurons and the temporal expression profiles of Ab and Kn after egg laying (AEL). Adapted from Yamamoto
et al. (2006). Class I neurons almost cease branching at the end of embryogenesis and keep growing preexisting branches in larvae, while class IV neurons
continue to elaborate higher-order branches throughout larval stages. Kn was not detected at the third-instar wandering larval stage (Shimono et al., 2009). There
is no strong evidence for an epistatic relationship between these two TFs (Hattori et al., 2007).
(E–G0 ) Effects of Ab or Kn ectopic expression in all classes of da neurons (designated as misexpression or ME for simplicity). Dendritic arbors in the control
(E and E0). Downsizing and simplification in the case of abME (Sugimura et al., 2004) and an increase in complexity with knME (Hattori et al., 2007). (E0 )–(G0) are
high-power images of boxed areas of (E)–(G). Scale bars, 100 mm.
See also Figure S1.
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(Pros), which acts as a binary switch between self-renewal and
differentiation in neural stem cells (Choksi et al., 2006), were532 Developmental Cell 27, 530–544, December 9, 2013 ª2013 Elsevalso prevalent in RED (see Pros BSs in Figures 3D and 3E).
Essentially the same results were obtained on the basis
of another classification of chromatin features (‘‘chromatinier Inc.
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Figure 2. Genome-wide Mapping of Ab and Kn Binding Sites and Identification of the Target Genes
(A) Examples of DamID data of Ab (green) and Kn (magenta). The 393–494 kb region of chromosome 2L is shown. Bar heights are proportional to averages
of standardized log2-transformed ratios of intensities (see details in Experimental Procedures and Figure S2A). Boxes indicate binding sites of each TF (Ab BS
and Kn BS).
(B) Venn diagram showing the overlap between the bound genes of the TFs.
(C and D) Venn diagrams showing the overlaps between the TF-bound genes and TF-dependent genes that were either upregulated (Up) or downregulated
(Down) by ectopically expressing ab (C) or kn (D) in all classes of da neurons (designated as misexpression or ME for simplicity in this study).
(E) Intersection of the dual genome-wide profiling defined 386 Ab target genes (196+190 in C) and 99 Kn target genes (59+40 in D), out of which 56 genes are
common. Note our designations of Ab-specific targets, Kn-specific targets, and common targets. The Ab targets and the Kn targets comprise just 26% and 22%,
respectively, of the TF-dependent genes (386/1,508 and 99/451, respectively). Such small or even smaller overlaps in the dual genome-wide profiling (the binding
and the expression) have been documented in studies of Foxp3 and Ascl1 in mice (Castro et al., 2011; Zheng et al., 2007).
(F and G) GO clusters enriched in Ab- or Kn-dependent genes. The top five GO clusters enriched in Ab- (F) or Kn-dependent genes (G) in biological process
category by enrichment score.
See also Figure S2 and Tables S1, S2, and S3.
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Transcriptional Programs Shaping Dendritic Arborsstates’’; Kharchenko et al., 2011; Figures S3B, S3D, and S3E;
see also Figure S1I).
Targets with a Broad Range of Molecular Functions
Execute Dendritic Arbor Formation in a Class-Selective
or Common Fashion
To examine roles of the target genes in dendrite morphogenesis,
we selected 103 target genes out of 429 on the basis of GO an-
notations and carried out their knockdown and/or overexpres-
sion in class I and class IV neurons (see details in Supplemental
Experimental Procedures). Listed in Table S4 are 24 target genesDevelopmwhose knockdown phenotypes were validated with two distinct
double-stranded RNA (dsRNA) sequences, for which expression
and/or overexpression caused malformation of dendritic arbors.
As for target genes whose null or strong alleles have been
reported, we examined phenotypes of mutant neurons and
obtained results essentially consistent with those obtained by
knockdown analysis (Figures S4A–S4J and S4O–S4Q). Many
of these targets are conserved across species and have eluded
previous knockdown or mutant screenings of dendrite morpho-
genesis (Gao et al., 1999; Parrish et al., 2006; Satoh et al., 2008;
Ye et al., 2007; Zheng et al., 2008).ental Cell 27, 530–544, December 9, 2013 ª2013 Elsevier Inc. 533
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Figure 3. Overlaps and Ontology of the
Ab- or Kn-Bound Genes and Enrichment
of BSs in Tissue-Specific Enhancers and
Polycomb Chromatin
(A) Pairwise comparisons of HOT-subtracted BSs
of TFs are indicated (HOT, high-occupancy target
regions or hot spots). Enrichments/depletions are
color-coded by fold enrichment. The data sets are
from the modENCODE consortium, except for the
two in this study (orange boxes) that are located
close by in this clustering (highlighted by black
frames; the correlation index of Ab with Kn was
2.2). gro1 and gro3 are technical replicates.
(B and C) The top ten gene ontology (GO) clusters
enriched in Ab- (B) or Kn-bound genes (C) in bio-
logical process categories, ranked by p value.
Each GO cluster was represented by one GO term
in the cluster.
(D and E) BSs of Ab, Kn, or Pros were sorted into
chromatin types that are defined by the data sets
of KC167 cells (Filion et al., 2010). Enrichments/
depletions of fractions of individual chromatin
types are calculated relative to those in the
genome and color-coded by fold enrichment (E).
The data of Pros BSs are derived from Tables S1
and S3 of Choksi et al. (2006). Lower limits of the
depletion were set to negative values of the
maximum enrichment. All, all of the BSs; Up, BSs
associated with upregulated target genes (upre-
gulated in abME or knME, downregulated in pros
mutants); Down, BSs associated with down-
regulated target genes (downregulated in ab ME
or kn ME, upregulated in pros mutants). Most
noticeably, RED-type chromatin includes 50.0%
of the BSs of Ab upregulated targets (D), and its
enrichment is 5.4-fold (red boxes with black
frames in E).
See also Figure S3.
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Transcriptional Programs Shaping Dendritic ArborsWe expected that Ab targets and Kn targets would be tran-
scriptionally up- or downregulated by Ab in class I da neurons
and by Kn in class IV, respectively, and such regulations would
be required for sculpting dendrite arbors in each class-selective
fashion. Indeed, spinster (spin), encoding a protein implicated
in endosome-to-lysosome transport (Dermaut et al., 2005;
Sweeney and Davis, 2002), is one of the upregulated targets
of Ab, and its knockdown deformed the comb-like shape of
class I arbors (Figures 4A and 4B). Secondary branches, which534 Developmental Cell 27, 530–544, December 9, 2013 ª2013 Elsevier Inc.are supposed to grow along the
anterior-posterior (A-P) axis in a parallel
manner, were misoriented to each other;
consequently, the arbor size increased
compared to that of the control,
although the terminal number did not
(Figures 4K–4L). Likewise, one of the
Kn targets, CG14642, which is predicted
to encode a protein with a serine-type
endopeptidase activity, was required
specifically for spatial control of branch-
ing within the class IV arbor (Figures 4F
and 4G). This was evidenced by the
fact that CG14642 knockdown causeda significant shift of branching activity to the proximal area
in the arbor (Figure 4O).
In contrast to the Ab or Kn selective targets, the common
targets were expected to play important roles in both class I
and class IV neurons. Consistent with this prediction, knock-
down of four upregulated targets significantly deformed both
class I and class IV arbors (Figures 4C, 4D, 4H, and 4I; Table
S4; Figures S4A–S4D), as shown by the decrease either in
the terminal number (Figures 4K and 4M) or in the length per
A B C D E
F G
H I J
K L M N O
Figure 4. Effects of Knockdown of Target Genes on Dendrite Morphogenesis of Class I or Class IV
(A–J) Images of class I neuron ddaE (A–E) and class IV ddaC (F–J). Control (A and F), spin-RNAi (B), dOrai-RNAi (C and H), lola-RNAi (D and I), Imp-RNAi (E and J),
and CG14642-RNAi (G).
(K–O) Quantitative analyses. The terminal number (K) and the size (L) of the ddaE arbor. The terminal number (M), cumulative branch length divided by the terminal
number (N)of thedorsal side, and the terminal numberof theproximal region (O; theboxed200mm3200mmregions inF andG)of theddaCarbor.Error bars indicate
themean±SD. *p< 0.05, **p<0.01, ***p< 0.001. (K,M, andN)One-wayANOVAandHSDpost hoc test. (L andO)Wilcoxon-Mann-Whitney test. Scale bars, 100mm.
See also Figure S4 and Table S4.
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Transcriptional Programs Shaping Dendritic Arborsbranch (Figure 4N) or by misdirections of branch extension
(Figures 6, 7, and 8, explained later). These targets are
dOrai/Olf186-F, lola, CG31431, and Ten-m, which encode a
Ca2+ release-activated Ca2+ channel (Agrawal et al., 2010;
Venkiteswaran and Hasan, 2009), a transcription regulator
that controls neural development (Giniger et al., 1994; Spletter
et al., 2007), a putative fibroblast growth factor-activated
receptor, and a type-II transmembrane protein Ten-m (that is
further characterized below), respectively. To examine whether
or not the molecular network that includes dOrai controls
dendritic arborization, we knocked down the gene encoding
Stromal interaction molecule (dSTIM) that is localized on the
endoplasmic reticulum and binds to dOrai or iptr encoding
the IP3 receptor. The knockdown of dSTIM or iptr also signifi-
cantly reduced the number of class I and class IV branches
(Figures S4K–S4N, S4R, and S4S), supporting a critical contri-
bution of the intracellular Ca2+ homeostasis regulation pathway
in both classes. On the other hand, knockdown of some of
the common targets caused severe phenotypes in one of the
two classes, and these include Imp, Pak3, or tai of the upregu-
lated group. For example, knockdown of insulin growth factor
II mRNA binding protein (Imp), implicated in RNA localization
and stabilization (Adolph et al., 2009; Boylan et al., 2008;
Yisraeli, 2005), dramatically reduced the length of class IV
arbors, but its effect on class I was not detected, at least
with regard to the number of branch termini (Figures 4E, 4J,
4K, 4N, S4E–S4H, and S4O–S4Q).
Our overexpression experiments raise the possibility that
quantitative control of expression of some of the target genes
is critical for proper arbor development of class IV. For example,
in contrast to the severe simplification of the arbor by the Imp
knockdown as described above (Figure 4J), its overexpression
increased the branch number (Figures 5A, 5C, and 5I). As for
lola, both knockdown and overexpression resulted in arbor
simplification (Figures 4I and 5D). It is thus possible that the
Imp and lola levels must be adequately controlled to determine
the arbor complexity. Another instance was given by spin
overexpression, which simplified class IV arbors (Figure 5B).
These phenotypes are consistent with a hypothesis that spin
expression should be repressed below a certain level for normal
class IV development.
We further assessed the biological relevance of the targets
in the context of Kn misexpression-induced transformation of
dendritic arbor shapes. Misexpression of Kn in class I neurons
increases the number of higher-order branches and deforms
the comb shape, which we designate as a class IV-like transfor-
mation (Hattori et al., 2007) (Figures 5E and 5F). We assumed
that upregulation of the Kn target genes most likely contributed
to this class IV-like transformation. To verify this hypothesis,
we misexpressed Kn in class I neurons with concurrent knock-
down of individual Kn target genes. Out of the six upregulated
targets that we showed were required for class IV arbor forma-
tion, knockdowns of five significantly suppressed the class
IV-like transformation phenotype of class I neuron ddaE (Figures
5G, 5H, and 5J; Table S4). These results of our integrated
approaches identified a group of target genes that were bound
by either key TF, were transcriptionally regulated, and contrib-
uted to morphological diversification of the two classes of the
da neurons.536 Developmental Cell 27, 530–544, December 9, 2013 ª2013 ElsevKnockingDownaCommonTargetGene, Ten-m, in Class
I or Class IV Altered Directional Features of Branch
Sprouting or Extension
To obtain mechanistic insights into the morphological diversifi-
cation of dendritic arbors achieved by Ab and Kn target genes,
we studied one of the common target genes, which encodes a
homophilic cell adhesion molecule of the Teneurin family, Ten-
m, in further depth. Ten-m is necessary for pathfinding decisions
in motor axon navigation (Zheng et al., 2011) and instructs syn-
apse organization in the olfactory circuit and at neuromuscular
junctions (Hong et al., 2012; Mosca et al., 2012). We first showed
that Ten-m RNAi worked efficiently in class I and class IV neu-
rons (Figures S5H–S5I0) and examined knockdown phenotypes
(Figures 6 and 7).
We focused on the morphological features of class I ddaE,
whose secondary branches sprout from the dorsally oriented
primary ones, with a significant posterior preference (Fig-
ure 6A). Those secondary branches extend along the A-P
axis. The knockdown abrogated the directional preference of
the branch sprouting, making comparable numbers of second-
ary branches sprout in both A and P directions (Figures 6B
and 6M). We also examined another class I vpda (Figures
S5A–S5C; see legend).
To characterize phenotypes of class IV ddaC, we performed
quantitative analyses using several parameters and found no
significant alteration in total dendrite length, the number of
branch termini, or spatial disposition of branches within the
dendritic arbor (data not shown). Instead, we found that the
knockdown showed a significantly biased directional distribution
of terminal branches (Figures 7A, 7B, 7G–7H0, 7O, and 7P).
Compared to the control ddaC, branches under the knockdown
conditions extended in a less radial manner.
Ten-mWasMore Highly Expressed in Class I Than Class
IV and in Overlying Epidermis in a Nonuniform Fashion
Considering that various types of neurons employ Teneurins to
pair with target cells expressing the same Teneurin subclass
(Hong et al., 2012; Leamey et al., 2007), we speculated that den-
dritic branches of the da neurons might interact with adjacent
cells by way of homophilic interactions of Ten-m. To explore
this possibility, we primarily monitored Ten-m expression by de-
tecting the Ten-m enhancer-dependent expression of a reporter
in the respectiveGAL4 enhancer trap line (Hong et al., 2012) and
found that Ten-mwas expressed both in class I and class IV neu-
rons and also in nonneuronal tissues such as epidermis, a subset
of muscles (Mosca et al., 2012), and hemocytes (Figures 6E, 6F,
6H, 6H0, S5D, and S5E). The expression patterns were intrigu-
ingly differential in two respects: (1) Ten-m was expressed
much more strongly in class I than class IV (Figures 6E, 6E0,
6H, and 6H0), which is consistent with higher activation by ab
ME than knME (Table S1H).We also showed that this expression
in class I was reduced in the abmutant (Figures 6I and 6J), which
validated our identification of Ten-m as one of the Ab target
genes. In addition to the Ten-m enhancer-dependent reporter
expression, we found that endogenous Ten-m signals were
much stronger in class I than class IV (Figures S5F–S5G0). (2)
The expression in the epidermis, which makes direct contacts
with dendrites (Han et al., 2012; Kim et al., 2012; Parrish et al.,
2009), was nonuniform. It was higher in a stripe about threeier Inc.
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Figure 5. Effects of Overexpression of
Target Genes on Class IV and Requirements
of Kn Targets for Class IV-like Transfor-
mation
(A–D) Images of class IV ddaC. Control (A), spin
overexpression (B), Imp overexpression (C), and
lola overexpression (D).
(E–H) Effects of knockdown of target genes on Kn
misexpression-induced transformation. Images of
control (E), kn-misexpressing (F), kn and dOrai-
dsRNA expressing (G), and kn and lola-dsRNA
expressing (H) class I ddaE.
(I–J) Quantitative analysis. (I) Quantification of
terminal numbers of the dorsal side of the ddaC
arbor. (J) Quantitative analyses of the number of
branch termini per cell of class I ddaE of the indi-
cated genotypes. Most notably, knockdown of lola
or dOrai restored the class IV-like arbor to normal
class I with respect to both the branch number
and the comb-like shape. Error bars indicate the
mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001
(one-way ANOVA and HSD post hoc test). Black
asterisks indicate statistically significant differ-
ences from the control (leftmost data set) and blue
asterisks from the kn-misexpressing neuron (the
second or third from the left). NS, statistically not
significant (p > 0.05). Due to a technical difficulty,
we were unable to address the relevance of the Ab
targets in the Ab misexpression-induced context
(see RNAi in Supplemental Information). Scale
bars, 100 mm.
See also Table S4.
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Transcriptional Programs Shaping Dendritic Arborsepidermal cells wide, encompassing neuronal cell bodies and
proximal dendrites, than in the more distal zone (Figures 6E–
6G). Ten-m expression has already been initiated in both the
neurons and the neighboring epidermal cells in the first-instar
larva (Figure S5E). These results allowed us to posit that Ten-m
may work both in the neuron and adjacent tissues to prompt
dendrite patterning and that the imbalance of Ten-m in theDevelopmental Cell 27, 530–544,epidermis provides the directional cue
for the branch sprouting of class I ddaE
from the higher to lower Ten-m level.
Knockdown or Overexpression of
Ten-m in Adjacent Tissues Also
Abrogated Directional Features
of Branches
Next, we examined phenotypes of class I
ddaE and class IV ddaC, when Ten-m
was knocked down or overexpressed in
adjacent tissues. To analyze knockdown
phenotypes of ddaE, the drivers em-
ployed were Ten-m-GAL4 for knockdown
in all Ten-m-expressing cell types, and
arm-GAL4 for knockdown in adjacent
tissues such as epidermis and muscles
(Parrish et al., 2009). All knockdowns
tested abrogated the directional prefer-
ence of the branch sprouting (Figures
6C–6D0 and 6M). To verify the hypothesis
that the imbalance of Ten-m in the epidermis provides the
directional cue for the branch sprouting, we overexpressed
Ten-m in the hh domain within epidermis (Figures 6K–6L0), where
Ten-m expression during development is normally much lower
than in the proximal dendrite zone (Figure 6F). In control larvae,
secondary dendrites grew in the hh domain (Figures 6K
and 6K0); in striking contrast, branches were hardly seen in theDecember 9, 2013 ª2013 Elsevier Inc. 537
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Figure 6. Ten-m Knockdown Phenotypes of Class I ddaE and Ten-m Expression Pattern in Neuronal and Nonneuronal Tissues
(A–D0 and M) Phenotypes of class I neuron ddaE when Ten-m was knocked down by using GAL4[2-21] (B) or arm-GAL4 (D and D0).
(A, C, and C0) Controls.
(C0 and D0) Tracings of C and D, respectively.
(M) Quantitative analysis. The ratio of the number of anterior-directed secondary branches to the number of posterior-directed secondary branches was plotted.
Error bars indicate the mean ± SD. **p < 0.01, ***p < 0.001 (Wilcoxon-Mann-Whitney test).
(E–J) Ten-m expression in dorsal regions in larval hemisegments. Ten-m expression pattern was monitored by mCD8:GFP expression under the Ten-m-GAL4
enhancer trap line (green in E and H and E0, F, H0–J) and coimaged with a class IV marker ppk-CD4:tdTom (magenta in E and H). Cell bodies of class I and class IV
neurons are marked by arrowheads and arrows, respectively. Dendritic branches of class I are labeled much more intensely than those of class IV by Ten-m-
GAL4, and the cell bodies of both classes are almost masked by strong signals of overlying epidermis (E and E0). (F) Images of ten hemisegments are overlaid with
reference to cell bodies of class IV ddaC (arrow) and the signal intensity is represented by the indicated color code. (G) Quantification of mCD8:GFP signals in
(legend continued on next page)
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Transcriptional Programs Shaping Dendritic ArborsTen-m-overexpressing domains (Figures 6L, 6L0, and 6N). More-
over, the normal directional bias of sprouting of ddaE secondary
branches was significantly impaired (Figure 6M). These results
suggested that the dendritic branches did not ascend the pre-
sumptive counter slope of Ten-m in the epidermis. These results
of the knockdown or overexpression experiments are consistent
with our hypothesis.
To address whether or not Ten-m in adjacent tissues contrib-
utes to dendrite morphogenesis of class IV ddaC, we knocked
down Ten-m in all Ten-m-expressing cell types (Figures 7C, 7D,
7I–7J0, 7Q, and 7R). In addition, we knocked down Ten-m selec-
tively in the hh domain in the epidermis (see green zones in Fig-
ures7Eand7F) that belongs to theTen-m-lowdistal zone (Figures
7E, 7F, 7K-7L0, 7S, and7T).Compared to thecontrolddaC, exten-
sion of terminal branches under either knockdown condition
was significantly biased along the A-P axis (Figures 7S and 7T),
as it was when Ten-m was knocked down in the neuron (Figures
7O and 7P). Importantly, the directional distribution of terminal
branches was not altered on the side opposite to the hh domain
(magenta zones in Figures 7E and 7F, 7M–7N0, 7U, and 7V),
strongly suggesting that theTen-m-mediateddendrite-epidermis
interaction locally contributed to orienting terminal branches in
the wild-type. These results lead us to speculate that in normal
development, the ddaC dendrites, once they enter the Ten-m-
low zone, are prompted to arborize and direct their termini
essentially in all directions, which most likely allows efficient
coverageof thebodysurfacewithbranches (Grueberet al., 2002).
Ten-m Overexpression in Class IV Endowed a
Directional Preference of Branch Extension, which
Is Reminiscent of the Normal Class I Arbor
The above results show that Ten-m was necessary for normal
arbor formation of both classes. Then how does this common
target gene produce the class-selective morphological traits?
We were intrigued by the finding that class IV ddaC expressed
Ten-m, but at a much lower level than class I ddaE (Figures 6H,
6H0, S5F, andS5F0). Soweaddressedwhether or not overexpres-
sion of Ten-m in ddaC affected its dendrite morphogenesis (Fig-
ure 8). The control ddaC neurons directed their branch termini to
A and P directions nearly equally (Figure 8A, 8A0, and 8E); in
contrast, branch growth of Ten-m-overexpressing ddaC showed
aposterior preference (Figures 8B, 8B0, and 8E), which is reminis-
cent of a directional feature of the ddaE secondary branches
(Figures 8C, 8C0, and 8E). This phenotype of the Ten-m-overex-
pressing ddaC was not associated with a net decrease of the
branch number (Figure 8F), excluding the possibility that the
ddaE-like posterior preference was a consequence of overall
arbor simplification. These results could be interpreted to mean
that the elevated level of Ten-m in ddaC branches makes themepidermis encompassing the cell bodies (cell-body region) and those close to bra
***p < 0.001 (Wilcoxon-Mann-Whitney test). (H and H0 ) High-power images of prox
that were strongly labeled by Ten-mGAL4, ppk-CD4:tdTom-positive branches of d
Ten-m expression level in an abmutant larva (24–26 hr AEL). Cell bodies of class I
hardly seen in the ab mutant.
(K–L0, M, and N) Effects of Ten-m overexpression in the epidermal hh domain on d
expression driven by hh-GAL4 (green) and dendrites were labeled by anti-HRP
Quantitative analysis. (M) The ratio of the number of anterior-directed secondary
(GAL4: hh). (N) The number of branch termini in the hh domain. Error bars indica
Scale bars, 100 mm (A and B, C–D0, E and E0, F, H and H0, and K–L0) and 50 mm
Developmrespond to the higher-to-lower level of epidermal Ten-m toward
theposterior border in each hemisegement, as class I ddaEdoes.
All of our results strongly suggest the possibility that the
Ten-m-mediated interaction between dendritic branches and
the epidermis produces the distinct directional outputs of
branch growth in neuronal subclass-specific fashions (Fig-
ure 8G). In class I ddaE, the Ten-m-high dendrites responded
to the epidermal high-low Ten-m imbalance, realizing the pre-
dominantly posterior-oriented comb-like pattern of class I
ddaE; in class IV ddaC, the low-level expression in the neurons
and the epidermis ensures the relatively radial pattern of terminal
branches. Thus, our data of Ten-mprovidesmechanistic insights
into how the differential expression of Ten-m contributes to pro-
ducing the class-selective morphological traits.
DISCUSSION
The transcriptional programs of our focus were predicted to be
more specialized for controlling neuronal terminal differentiation
at postmitotic stages, compared to those in which proneural
genes, such as Asense and its vertebrate homolog Ascl1
(Mash1), regulate cell proliferation or cell-cycle arrest and also
promote differentiation (Castro et al., 2011; Southall and Brand,
2009). Indeed, predicted molecular functions of Ab and Kn
target-coded proteins are diverse, ranging from transcriptional
control to cell adhesion, membrane trafficking, Ca2+ entry, and
cytoskeleton regulation. Then how do these targets contribute
to shaping dendrite arbors in a class-selective fashion?
Our genome-wide study strongly supports the notion that the
class selectors do indeed control transcription of target genes
selectively. On the other hand, both TFs have chromatin features
of the BSs in common and show the same directional (up or
down) regulation of every common target. To explain these find-
ings, we were intrigued by the possibility that some common
targets might be regulated by the two TFs in quantitatively differ-
ential fashions. As a precedent, Cut (Ct) is differentially ex-
pressed among the three classes (class II–IV), which controls
formation of the different branching patterns and the growth of
dendritic arbors of individual classes (Grueber et al., 2003). In
this study, compelling data for the above hypothesis was ob-
tained by our analyses of a common target, Ten-m. Its high-level
expression in class I ddaE endowed its branches with the capa-
bility to respond to the decreasing level of Ten-m in the
epidermis, thus setting the directional preference of branch
sprouting (left, in Figure 8G). In contrast, a much lower expres-
sion in class IV ddaC ensured the directing of terminal branches
rather radially in the distal area of each arbor, where the overlying
epidermal Ten-m expression is low (right, in Figure 8G). These
level-dependent roles of Ten-m could be related or analogousnch termini of class I ddaE (terminal region). Error bars indicate the mean ± SD.
imal dendritic regions of ddaE and class IV ddaC. In contrast to ddaE branches
daCwere only weakly visualized by Ten-mGAL4 (arrows). (I and J) Decrease in
ddaD and ddaE are marked by arrowheads. Note that signals in dendrites were
endrite patterning of class I ddaE. (K–L0) The hh domain was visualized by GFP
antibody (magenta). (K0 and L0) Tracings of K and L, respectively. (M and N)
branches to the number of posterior-directed secondary branches was plotted
te the mean ± SD. ***p < 0.001 (Wilcoxon-Mann-Whitney test).
(I and J). See also Figure S5.
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Figure 7. Effects of Ten-m Knockdown in Class IV ddaC and/or Adjacent Tissues on Orientation Distributions of Its Branch Termini
(A–N0) Images of class IV ddaC when Ten-m was knocked down by using ppk-GAL4 (B, H, and H0), Ten-m-GAL4 (D, J, and J0), or hh-GAL4 (F, L, L0, N, and N0).
(A, C, E, G, G0, I, I0, K, K0, M, and M0) Controls. (G–N0) High-power images of boxed areas in (A)–(F). Orientations of branch termini are defined by short line
segments, which trace termini to 5- to 10-mm-distant intrabranch points (G0–N0). Scale bars, 100 mm.
(O–V) Orientation distributions of branch termini. In each rose diagram, angles are classed into nine bins (20 for each bin) and visualized in a point symmetry
manner. (O–R) Data of individual genotypes were collected from 200 mm 3 200 mm boxed areas in A–D. (S–V) Data were collected from dorsal hh domains in
dendritic arbors (green zones dorsal to the cell bodies) and from the sides opposite to the hh domains (magenta zones dorsal to the cell bodies), respectively.
Indicated at a lower left-hand corner of each rose diagram are the number of branch termini and the number of neurons from which the data were collected
(in parentheses). The lengths of the mean vector (orange arrows) are indicated (r). All knockdowns tested significantly biased the orientation distribution (O and P;
p < 0.01; Q and R; p < 0.001; S and T; p < 0.001; Mardia-Watson-Wheeler test), except for in the magenta zones (U and V).
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Transcriptional Programs Shaping Dendritic Arborsto a role of mouse Ten-m3 in navigating Ten-m3-high retinal
projections to the high target region (Leamey et al., 2007; Young
and Leamey, 2009) and those of tenurins in instructing synaptic540 Developmental Cell 27, 530–544, December 9, 2013 ª2013 Elsevpartner matching in the Drosophila olfactory map (Hong et al.,
2012). It awaits further study to reveal how the differential levels
of Ten-m produce the class-selective directional properties ofier Inc.
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Figure 8. An Effect of Ten-m Overexpression in Class IV on Directional Preference of Branch Growth along the A-P Axis
(A–D0) Images of class IV ddaC (A, A0, B, and B0 ) or class I ddaE (C, C0, D, and D0). Controls (A, A0, C, and C0) and Ten-m-overexpressing neurons (B, B0, D, and D0).
(A0–D0) High-power images of 200 mm 3 200 mm boxed areas in (A)–(D). Anterior-directed and posterior-directed termini are indicated by magenta and green
points, respectively. Scale bars, 100 mm.
(E andF)Quantitative analyses. (E) The anterior versus posterior directional bias in theboxed areaswasquantified and statistically tested. (F) The number of termini
in the boxed areas. Error bars indicate the mean ± SD. **p < 0.01, ***p < 0.001 (one-way ANOVA and HSD post hoc test). NS, statistically not significant (p > 0.05).
(G) Summary of phenotypes and a hypothetical Ten-m-mediated dendrite-epidermis interaction in various genetic backgrounds. (Top) A diagram showing the
nonuniform Ten-m expression profile in the epidermis. The x axis represents the A-P axis and the y axis indicates the amount of Ten-m in the epidermis. An
alignment of epidermal cells with a decreasing Ten-m amount is also schematized. The two epidermal cells from the origin along the x axis indicate Ten-m-high
(legend continued on next page)
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Transcriptional Programs Shaping Dendritic Arborsbranch patterning, possibly by way of organization of cytoskele-
tons and membranes (Mosca et al., 2012).
Our other experimental results are also consistent with the crit-
ical role of the quantitative control of target gene expression.
First, the amount of Lola, one common target-gene product,
was higher in class I ddaE than class IV ddaC in awild-type back-
ground (Figure S1). Second, results of knockdown and overex-
pression of Imp and lola indicate that their expression levels
must be strictly controlled to determine the arbor complexity.
Third, we had superficially puzzling findings about downregu-
lated targets (those with decreased expression upon ab or kn
ME). In the narrowed-down list of Ab target genes (Table S4),
ten targets were downregulated by abME, and their knockdown
in class I (which expresses Ab endogenously) yielded obvious
abnormal phenotypes. Ab may keep the transcription of the
downregulated targets weakly active and does not totally shut
down the expression; moreover, this low-level expression may
be required for normal class I development. To test these hy-
potheses, what would be required is class-selective quantitative
expression profiling, ideally at multiple developmental stages,
including the onset of primary dendrite formation and a subse-
quent branch growing phase.
A total of 85% or more of the bound genes were not identified
as exclusively Ab and/or Kn-dependent genes; and it could be
that Ab and Kn may be able to control transcription of some of
those in conjunction with other TFs. Candidate-bound genes of
this group include Kn-bound genes Ubx and abd-A that are
silenced in class IV by PcG proteins (Parrish et al., 2007), which
showed a similar binding profile with Kn, while an unknown tran-
scriptional coactivator may drive expression of turtle, which is an
Ab/Kn-bound gene necessary in class I and class IV (Long et al.,
2009). Furthermore, with respect to physiological functions of
proprioceptive class I and multimodal nociceptive class IV, it
should be mentioned that Gr28b encoding a bright blue light
sensor was a Kn-bound gene (Table S3A). Additional profiling
data sets, such as that in the copresence of Kn and Ct, will
deepen our understanding of the intricate transcription codes,
with the ultimate goal of identifying the molecular links between
the codes and the diverse architectures of dendritic arbors and
neuronal functions.
EXPERIMENTAL PROCEDURES
All experimental details, including exact genotypes of individual animals used
in figures, are described in the Supplemental Experimental Procedures.
DamID
We expressed Ab or Kn, which had been fused with the Escherichia coli DNA
adenine methyltransferase (Dam), at a very low (i.e., leaky) level in embryos in
order tomethylate GATC sequences adjacent to the BSs of the respective TFs.cells that encompass cell bodies of da neurons in the dorsal cluster, such as dda
ddaE and class IV ddaC, respectively, and hypothetical Ten-m-mediated dendrite
dendrite phenotype represents the overall ddaE arbor (left) or the posterior half of
type (WT) ddaE and ddaC, respectively. Left: Ten-m-high dendrites of WT ddaE
down the lower slope, realizing the predominantly posterior-oriented comb-like pa
example, by a cell-autonomous knockdown, dendrites no longer sense the epid
abrogated (double-headed arrow at the bottom). Right: inWT ddaC, the low-level e
of terminal branches in the hh domain (crossed arrows in the middle). When the
biased along the A-P axis by an unknown mechanism (double-headed arrow at th
higher-to-lower level of epidermal Ten-m toward the posterior border in each he
542 Developmental Cell 27, 530–544, December 9, 2013 ª2013 ElsevWe amplified methylated genomic fragments and hybridized them to tiling
arrays. Data of four independent replicates of the arrays were processed
to determine the representative BS profile (Figure S2).
Databases
Throughout this study, genomic sequence coordinates of Drosophila
melanogaster followed FlyBase genome Release 5.0 (McQuilton et al., 2012),
and the reference gene list employed was FlyBase r5.35 containing a total of
15,191 genes. Drosophila modENCODE data (http://www.modencode.org/)
and the genome-wide data of the chromatin signatures have been described
previously (Filion et al., 2010; Kharchenko et al., 2011; Ne`gre et al., 2011).
Expression Profiling of Isolated da Neurons
To complement our DamID analysis, we isolated da neurons from larvae using
magnetic beads, prepared RNA as described elsewhere (Iyer et al., 2009)
with modifications, and obtained genome-wide expression profiles.
Functional Annotation Classification of Genes using Gene Ontology
For this clustering, an overrepresentation analysis for GO entries was carried
out. To this end, a Fisher’s exact test was employed as implemented in the
DAVID Bioinformatics Resource (Dennis et al., 2003). As a reference gene
list, all genes from FlyBase r5.35 entries were used. Results are presented
by p values that were adjusted using Benjamini-Hochberg’s multiple testing
correction method (Figures 3B and 3C) or enrichment score (Huang da et al.,
2009) (Figures 2F and 2G).
Imaging Dendritic Trees, Immunohistochemistry, In Situ
Hybridization, Quantification, and Statistical Tests
Protocols of single cell labeling (MARCM), imaging, quantitative analysis of the
images, immunohistochemistry, and in situ hybridization were essentially as
described elsewhere (Hattori et al., 2007; Matsubara et al., 2011; Yamamoto
et al., 2006). Images were acquired from wandering third-instar wandering
larvae unless described otherwise. Antibodies employed for immunohisto-
chemistry include anti-GFP (B2; Santa Cruz Biotechnology), anti-Lola (Giniger
et al., 1994), anti-Ten-m (Baumgartner et al., 1994; Levine et al., 1994), and
Alexa Fluor 488- or Cy3-conjugated anti-horseradish peroxidase (Jackson
ImmunoResearch). We followed Grueber et al. (2003) for quantification of
Lola signals (Figures S1D–S1H). For quantification of mCD8:GFP signals in
epidermis (Figure 6E0), we drew an epidermal region of interest (ROI) 10 mm
in diameter, which did not include dendrites, and calculated the intensity per
pixel. From each dorsal cluster, three ROIs were chosen, and each data point
in Figure 6G represents an average pixel intensity of each ROI.
The statistical tests employed are one-way ANOVA and honestly signifi-
cant difference (HSD) post hoc test or Wilcoxon-Mann-Whitney test, and
KaleidaGraph (Synergy Software) was used for the calculations. Circular sta-
tistics and rose plots were generated in Oriana 4 (Kovach Computing Service)
and PAST (Hammer et al., 2001). The frequency of observations in rose plots is
represented by the area of each wedge.
ACCESSION NUMBERS
The raw and processed data for the DamID-binding experiments and the
expression profiling experiments described here are available on the GEO
public database (http://www.ncbi.nlm.nih.gov/projects/geo/). The accession
numbers for the DamID data sets and expression profiling are GSE38659
and GSE38660, respectively.C and ddaE. Left and right: diagrams illustrating dendrite phenotypes of class I
-epidermis interactions in different genetic backgrounds. Each diagram of the
the ddaC arbor (right). Thick green- andmagenta-outlined boxes illustrate wild-
respond to the epidermal high-low Ten-m imbalance, and sprout and extend
ttern (arrow at the top). When the Ten-m-mediated interaction is disrupted, for
ermal Ten-m level, and the directional preference of the branch sprouting is
xpression in the neurons and the epidermis ensures the relatively radial pattern
Ten-m-mediated interaction is abrogated, extension of terminal branches is
e bottom). When Ten-m is overexpressed in ddaC, its branches respond to the
misegment, as does the WT ddaE (arrow at the top).
ier Inc.
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